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ABSTRACT
An analytical method for the quantification of rhodium using inductively coupled plasma optical emission spectrometry
(ICP-OES) and cobalt as internal standard was developed. Rhodium recovery was determined in different samples, which
included a certified reference material (CRM), pure rhodium metal, inorganic RhCl3·3H2O salt as well as different organometallic
compounds. Excellent rhodium recoveries of 100, 100, 99.0 and 99.7 % with relative standard deviations (RSD) of 1.0, 1.0, 0.3 and
0.4 % were obtained for the CRM, rhodium metal sample, RhCl3·3H2O and [Rh(cupf)(PPh3)(CO)(CH3)(I)], respectively. The
accurate recovery of rhodium was, however, affected by the presence of easily ionized elements (EIE) and unmatched acid
matrixes with a decrease in rhodium recovery of up to 16 %. Validation parameters such as accuracy, precision, specificity, limit of
detection (LOD) and robustness were all investigated to confirm the suitability of this newly developed analytical procedure for
rhodium determination.
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1. Introduction
Rhodium is a member of the platinum group metals (PGM),
which include the lighter elements palladium and ruthenium
and the heavier triad platinum, iridium and osmium. The PGM
in South Africa also includes gold and these seven elements are
currently considered to be the most expensive or precious metals
on the open market with values ranging from $1642 oz–1 for gold,
$1599 oz–1 for platinum to $116 oz–1 for ruthenium.1 Factors such
as their low natural abundance in the earth’s crust (0.001 g ton–1),
PGM concentrations ranging between 3.0 and 5.5 g ton–1 in the
well-known Plat- and Merensky Reef deposits2 and localized
worldwide distribution contribute to the high economic value of
these metals.
Rhodium has a number of interesting applications in industry,
ranging from the manufacturing of expensive jewellery to the
use as an alloying agent for hardening and improving the corro-
sion resistance3 of platinum and palladium. These alloys are
used in furnace windings, bushings for glass fibre production,
electrodes for aircraft spark plugs, laboratory crucibles4 and
thermocouple elements. A wire alloyed with 10 % rhodium and
90 % platinum forms an excellent thermocouple for measuring
high temperatures in an oxidizing atmosphere.5 The use of rho-
dium, platinum and palladium in the so-called three-way cata-
lyst in the control of toxic emissions from automotives contribute
significantly to the worldwide consumption of the three metals.
The element also exhibits scope and versatility as a homoge-
neous catalyst in the production of a number of organic com-
pounds on industrial scale, which is apparently unmatched by
any other PGM6 or metal catalyst. Among the rhodium-catalyzed
reactions that have received significant attention are the hydro-
genation of olefins,7 including the first commercial asymmetric
catalytic process (synthesis of L-3,4-dihydroxyphenylalanine,
for the treatment of Parkinson’s disease),8,9 hydrogenation of
arenes,10 hydroformylation of olefins and olefin diene
codimerization.11 Rhodium used in catalysts such as rhodium
hydridocarbonyl tristriphenylphosphine, [HRh(CO)(PPh3)3],
for the hydroformylation of olefins must be reactivated periodi-
cally and/or recovered from the by-products for re-use (U.S.
Patent 4,390,473).
In 1992, Brooks reported that ‘Platinum group metals (PGM),
e.g. Rh, Pd, Os, Pt, Ir and Ru, present the ultimate challenge to
the analytical chemistry researcher’.12 The high intrinsic value
of this group of elements necessitates analytical methods and
tools that are able to analyze with high precision (RSD levels of
3–5 %) and accuracy at extremely low levels of PGM concentra-
tion (low ppm range) in samples, which include PGM minerals,
metal alloys, road dust, soils, airborne particles, waste water and
biological matter. Several challenges exist in the development of
analytical techniques that adhere to accuracy and precision at
trace level PGM quantification. These challenges include low
and non-homogenized PGM concentration levels, spectral
interferences due the presence of oxides and double-charged
ions, as well as the complex chemical behaviour and physical
similarities of the PGM. Accuracy of rhodium determination is
also hampered by insufficient sensitivity of existing instru-
ments, interference derived from easily ionizable elements
(EIE), acid matrix, chemical and spectral interferences13–15 and
low detection limits in spectrometric techniques. Inferior sensi-
tivity and poor selectivity16 at trace levels cause unsatisfactory
recoveries (67–87 %) using these techniques.17
Greenfield et al.18 reported that analyte emission signal reduc-
tion is caused by high acid concentrations leading to a reduction
of analyte transport into the plasma. The degree of depression is
also dependent on the acid type.19–24 Results obtained from these
studies also indicted that variations in the solution density and
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viscosity alter the venturi aspiration rate, which resulted in a
change in the sensitivity of the equipment. Other factors such as
aerosol generation efficiency, droplet size distribution and aerosol
transport losses play a role in the variation of analytical results.25,26
Acid matrix and interferences derived from the EIE have a pro-
found effect on the accuracy of PGM trace elemental analysis.
Inorganic mineral acids such as HNO3, HF, HCl and HBr
27,28 and
alkali solutions such as the soluble alkali metal hydroxides,
LiOH, NaOH, KOH and CsOH are often used for sample disso-
lution and for maintaining the stability of the analyte(s) solu-
tion.29,30 Excess acid or alkali solutions and the presence of EIE
can be a source of error in the rhodium determination. Several
methods have been proposed to compensate for these interfer-
ences and the techniques include the stabilization of solution
uptake rate by a peristaltic pump, introduction of an internal
reference element, formal mathematical methods, matrix
matching techniques, standard addition method and the use of
correction factors.9,31,32 Most matrix correction approaches involve
matrix matching, internal standard and standard addition
methods. However, matrix matching is seldom applied in situa-
tions where the sample matrix is poorly defined.
Spectrometric techniques such as inductively coupled plasma
optical emission spectroscopy (ICP-OES33, mass spectroscopy
(ICP-MS), atomic absorption spectroscopy (AAS)34 and X-ray
fluorescence (XRF)35 have lately been employed for the accurate
determination of rhodium. Several ISO-approved ICP-OES
methods, using yttrium as internal standard, are described for
the precious metal determination in metal alloys, while gold and
gold alloy analysis requires yttrium or indium as internal stan-
dards. The ICP-OES has become the dominant method for rapid
spectroscopic multi-element analyses due to low detection
limits, wide linear dynamic range, and high precision and selec-
tivity. Internal standardization of ICP-OES measurements is also
successful in increasing the accuracy and precision of PGM
analysis due to the reduction of plasma noise36,37 instrumental
drifts and matrix interferences.
Questions still remain about the accurate determination of
rhodium in the electroplating and precious metal refining
industries.38 Low rhodium recoveries in organometallic com-
plexes (81–96 %) also illustrates the uncertainty of rhodium
quantification39–41 and is probably due to unreliable methods and
techniques. The main objective of this research was to evaluate
cobalt as internal standard for the accurate determination of
rhodium in different samples, which included a rhodium CRM,
pure metal (RM), inorganic salts and different organometallic
compounds. The investigation included a comparison with
external, standard addition and yttrium internal standard cali-
bration results. The robustness of this method was evaluated by
its ability to compensate for instrumental drifts, background




A Shimadzu ICPS-7510 ICP-OES with a radial-sequential
plasma spectrometer was used for the wet chemical analysis of
all the samples that were investigated. The vertically oriented
ICP-OES with the ‘radial viewing’ plasma was chosen to be suit-
able for the analysis due to its better detection limits, compared
to the axial viewing plasma. Default conditions were used as
indicated in Table 1 in order to achieve the best precision and
accuracy of results.
2.2. Microwave Digestion
An Anton Paar Perkin-Elmer Multiwave 3000 microwave
digestion system equipped with an 8SXF 100 rotor and eight
polytetrafluoroethylene (PTFE) reaction vessels were used for
the acid dissolution of the powdered rhodium metal and the
CRM (European Reference Material ERM®-504) samples. An
internal program for the digestion of the platinum group metals
(PGM XF100-8) was selected with conditions as set in Table 2.
3. General Experimental Procedures
Double-distilled water, using an electronic distillatory vessel
(Fisons w/FF9/4), was used for all the analytical solution prepara-
tions. All the samples were weighed accurately to 0.1 mg at 25 C
using a Scaltec (SBA 33) electronic balance, which was tested
under ISO 9001. A Transferpette micro-pipette (±0.5 µL) was
used for the accurate measurement and transfer of the different
liquids and acids at 25 C. The presence of any interfering
elements in the rhodium CRM and samples was verified with a
qualitative scanning program incorporated in the ICP-OES soft-
ware. Their presence was monitored at the most intense emission
wavelength of each element. Elements were considered present
if they exhibited strong emission at three of the chosen wave-
lengths. Elements that did not exhibit all the characteristic lines
were considered to be entirely absent or below the instrument’s
limit of detection. All ICP-OES results given are the average of
the three individual replicate readings taken sequentially. All the
calculations for the rhodium percentage recoveries were made
at a 95 % confidence interval, which was adopted from the CRM
(European Reference Material ERM®-504).
4. Reagents and Glassware
The different standard solutions (1000.0 ppm rhodium and
yttrium in 2–3 % HNO3), cobalt nitrate (Co(NO3)2·6H2O) (99.99 %
assay) and the rhodium metal powder (99.99 %) were purchased
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Table 1 ICP-OES operating conditions for the rhodium analysis.
Parameter Condition
RF power 1.2 kW
Coolant gas flow rate 14.0 L min–1
Plasma gas flow rate 45 L min–1
Auxiliary gas flow rate 0.5 L min–1
Carrier gas flow rate 0.7 L min–1
Sample uptake method Peristaltic pump
Type of spray chamber Glass cyclonic
Type of nebulizer Concentric
Injector tube diameter 3.0 mm
Table 2 Microwave operating conditions for the CRM and rhodium
metal powder samples.
Parameter Condition (Mode PGM XF100-8)
Power 1400 watts
Ramp 15 min
Hold 15, 45 and 60 min
Fan Slow, medium and high




Volume of the acid 10.0 mL
Acids investigated HNO3 (65 %), HCl (32 %), H2SO4 (99 %)
and aqua regia
from Sigma-Aldrich while all the other chemicals used in this
study from Merck Chemicals. All the chemicals and reagents
such as ethanol, acetone, acetylacetone (acac), cupferron (cupf),
diphenyl-2-pyridylphosphine (DPP) and N,N-dimethyl-
formamide (DMF) were used without further purification,
except for triphenylphoshine (PPh3),which was further purified
by recrystallization in methanol prior to use. The beakers and
volumetric flasks used in this research were of the Schott Duran
type and the volumetric flasks were of Blaubrand, grade (A)
type.
5. Description of the CRM
The CRM used in this study was the European Reference
Material (ERM®-504) which was purchased from Germany and
certified by the Bundesanstalt für Materialforschung und
Prüfung (BAM) in cooperation with the Committee of Chemists
of the GDMB, Gesellschaft für Bergbau, Metallurgie, Rohstoff
und Umwelttechnik. The ERM®-504 sample was obtained as a
mixture of used automobile catalysts and was supplied and pre-
pared by a commercial manufacturer. According to the certifi-
cate, the material was ignited, ground to a particle size of less
than 100 µm and was homogenized thoroughly before bottling.
The certified and the uncertainty values (in brackets) of plati-
num, palladium and rhodium in the ERM®-504 were reported as
1777(±15), 279(±6) and 338(±4) mg kg–1 respectively.
6. Experimental
6.1. Wavelength Selection and the Determination of Detection
and Quantification Limits of Rhodium
The selection of the most suitable wavelengths for rhodium,
yttrium and cobalt analysis was done using the ICP-OES ’profile’
function as discussed in Section 7.1. The program allows for a
rapid semi-quantitative analysis for a multiple wavelength
analysis and records the number of scans of an analyte solution
and that of the matrix at low concentration. The spectra are then
superimposed on each other and the resultant spectrum is a
combination of all possible spectral lines of the elements present
in the sample (CRM) and of rhodium in this case. This allows for
the selection of the wavelength of the analyte with little or no
interference from the other elements, as shown in Fig. 1.
The rhodium atomic line at 343.489 nm, the yttrium ionic line
at 377.433 nm and the cobalt ionic line 228.616 nm were chosen
for the analysis. Calibration standards were prepared in nitric
acid (5.0 mL, 65 %) from the original standard solution
(1000.0 ppm) to the concentrations of 0.0 (blank), 0.1, 0.2, 0.5
and 1.0 ppm. The intensity of the rhodium was measured at the
selected rhodium atomic wavelength. The limits of detection
(LOD) were calculated using the calibration curve data (r2 =
0.9993) as three times the standard deviation (SDb) of the
rhodium intensity obtained from 10 blank replicates, divided by
the gradient (m) of the calibration curve (sensitivity); LOD=
3 ×SDb /m. The LOD was found to be 0.0041 ± 0.0003 ppm and
the limit of quantitation (LOQ) was calculated as ten times the
limit of detection and was found to be 0.041 ± 0.003ppm. The
LOD (0.01005 ± 0.00002) and LOQ (0.1005 ± 0.0002) for the
cobalt internal standard method were determined from the
same formula with a different calibration curve. The rhodium
intensities of the standards were plotted against the rhodium
concentrations to give a calibration curve with a correlation
coefficient (r2) of 0.9996, a gradient (sensitivity) of 0.2984 and an
intercept of 0.0043.
6.2. Quantification of Rhodium in CRM
6.2.1. Dissolution of the CRM Samples using Microwave Digestion
in Different Mineral Acids
Eight dried CRM samples (~0.50 g) were accurately weighed
(0.1 mg) and quantitatively transferred into different microwave
PTFE vessels. To each pair of PTFE vessels, equal volumes of
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Figure 1 ICP-OES ‘profile’ function showing the combination of the matrices and the analyte signal in the CRM close to the third sensitive line of
rhodium, 343.489 nm.
either hydrochloric, aqua regia, nitric or sulphuric acid (8 mL)
were added and the samples digested under the microwave
conditions specified in Table 2. The resultant mixtures were
cooled, filtered and transferred into different volumetric flasks
(100 mL). The samples were filled up to the mark, homogenized
and left to stabilize for five hours before analyzed for rhodium
content. The CRM residue together with the undigested starting
material were analyzed using IR to determine if there were any
changes before and after digestion as shown in Fig. 2. The rho-
dium recovery, which indicates the effectiveness of these acids
in dissolving the CRM, is reported in Table 3.
6.2.2. Dissolution of the CRM Samples using Microwave Digestion
in HCl
Five dried CRM samples (~0.50 g) were accurately weighed
(0.1 mg) and quantitatively transferred into different microwave
PTFE vessels. To each PTFE vessel, equal volumes of HCl (8 mL)
were added and the samples digested under the microwave
conditions specified in Table 2. The resultant mixtures were
cooled, filtered and the filtrate heated to almost dryness. The
chloride ions were removed from the CRM samples as chlorine
gas with the periodic addition of nitric acid (two portions of 5 mL
of 65 % HNO3) to limit the presence of EIE’s at this stage of the
investigation according to Equation 1. Nitric acid (5 mL, 65 %)
was added to the dry precipitate and then quantitatively trans-
ferred to volumetric flasks (50.0 mL) and filled up to the mark
using double-distilled water to yield a rhodium concentration of
approximately 3.4 ppm depending on the weighed mass. The
samples were homogenized and left to stabilize for five hours
before analyzed for rhodium.
6.2.3. Preparation of Yttrium and Cobalt Internal Standard Solutions
Equal volume and concentration of yttrium and cobalt internal
standards (2.00 mL, 100.0 ppm) were pipetted into 100 mL volu-
metric flasks containing rhodium standard solutions with a
working range of 0.5–10.0 ppm. Nitric acid (5.0 mL, 65 %) was
added and the solutions were filled up to the mark using the
double-distilled water and mixed thoroughly to obtain homoge-
neous solutions. The solutions were left to stabilize for five hours
before use.
6.2.4. Preparation of the External Calibration Curve
Calibration standards were prepared from the original stan-
dard solution (1000.0 ppm) to yield concentrations of 0.5, 1.0,
2.0, 5.0 and 10.0 ppm in different volumetric flasks. Nitric acid
(5.0 mL, 65 %) was added and the flasks filled up to the mark
using double-distilled water. The solutions were homogenized
and allowed to stabilize for five hours before they were used.
The intensity of the rhodium was measured at the selected
atomic wavelength for rhodium at 343.489 nm. The rhodium
intensities of the standards were plotted against the rhodium
concentrations to give a calibration curve with a correlation
coefficient (r2) of 0.9993, a gradient (sensitivity) of 0.735 and an
intercept of 0.0011. The results for the rhodium determination in
the CRM are tabulated in Table 3.
6.2.5. Preparation of the Standard Addition Calibration Curve
Five replicates of the CRM (~0.50 g) were prepared as outlined
in Section 6.2.2 in HCl. Aliquots (10.0 mL) of the prepared stock
solutions were pipetted into the prepared rhodium standard
solution of concentrations 0.5, 1.0, 2.0, 0.5 and 10.0 ppm. Nitric
acid (5.0 mL, 65 %) was added to each solution to yield a theoretical
rhodium concentration of approximately 3.4 ppm. The rhodium
intensities of the standards plotted against the rhodium concen-
trations gave a calibration curve with a correlation coefficient (r2)
of 0.999(6), gradient of 7.62 and an intercept of 16.4. The results
for the rhodium determination in the CRM are discussed in
Section 7.3.
6.2.6. Preparation of the Internal Standard Addition Calibration
Curves
Samples of ARM-504 (CRM) were prepared as described in
Section 6.2.2. The same volume of the yttrium and cobalt stock
solution (2.00 mL; 100.0 ppm) was also pipetted into all the
rhodium CRM analyte solutions to match the concentration
level of the internal standards. The prepared standard solutions
and CRM samples were left to stabilize for five hours before
analyzed for rhodium content. The intensity of the rhodium was
measured at the selected atomic wavelength of, 343.489 nm,
ionic wavelength for yttrium, 371.030 nm and ionic wavelength
for cobalt, 228.616 nm. The ratio of rhodium to yttrium or cobalt
intensities were plotted against the rhodium concentrations,
which gave calibration curves with a correlation coefficient (r2)
of 0.9999 for both, a gradient (sensitivity) of 0.0203 (Y), 0.2906
(Co) and an intercept of 0.0026 (Y), 0.0261 (Co).
6.3. Preparation of Rhodium Metal Powdered Samples and
the Determination of Rhodium using the Direct Calibration
and Cobalt Internal Standard Methods
Ten rhodium stock solutions were prepared (five each for
every method) with accurately (0.1 mg) weighed powdered
rhodium samples (~0.004 g) that were quantitatively trans-
ferred into microwave PTFE vessels. The samples were digested
the same way as outlined in Section 6.2.2 in HCl. The resultant
burgundy red solutions, with no precipitate, were then heated
to almost dryness and nitric acid (5.0 mL, 65 %) was added to
each sample prior to dryness and re-heated. The nitric acid addi-
tion process was repeated to facilitate the removal of most of the
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Figure 2 Comparison of the white residue of the CRM in different acids.
Table 3 Quantitative results of rhodium recovery in CRM after micro-
wave digestion of two replicates.
Sample Acid used for digestion Average % Rh recovery
CRM 1 HCl 89.2 ± 0.3
CRM 2 Aqua regia 80.7 ± 0.7
CRM 3 HNO3 44.4 ± 0.8
CRM 4 H2SO4 31 ± 1
chloride ions (Equation 1) and to ensure proper acid matrix
correlation of the analyte samples with those of the rhodium
standard solutions. Finally, nitric acid (5 mL, 65 %) was added to
the almost dry precipitates and then quantitatively transferred
to volumetric flasks (100.0 mL) while the cobalt standard was
added (2.0 mL; 100.0 ppm) to the set of standards that were used
for internal standard addition analysis. The analyte volumetric
flasks were filled to the mark using double-distilled water to
yield a theoretical rhodium concentration of approximately
3.4 ppm. The analyte solutions were homogenized and left to
stabilize for at least five hours before they were analyzed for
rhodium content using (i) the direct calibration method and (ii)
the cobalt internal standard.
6.4. Preparation of theRhCl3·3H2O Solutions
The burgundy red crystals of RhCl3·3H2O (~0.05 g) were accu-
rately weighed (0.1 mg) and dissolved in a volumetric flask
(100.0 mL). Subsequent dilutions were made to prepare a solu-
tion of ~3 ppm. To each of the analyte samples, aliquots of the
cobalt internal standard (2.00 mL; 100.0 ppm) and nitric acid
(5.0 mL; 65 %) was added. The volumetric flasks were filled to
the mark using double-distilled water and left to stand for five
hours to stabilize before analysis. The samples were quantified
for rhodium content against the rhodium/cobalt calibration
curve with a correlation coefficient (r2) of 1.00, gradient of 0.2403
and an intercept of 0.0113. The results are reported in Table 5.
6.5. Preparation of the Organometallic Complexes for
Rhodium Determination using the Cobalt Internal Standard







46 where synthesized and charac-
terized by IR spectra. Samples of these complexes were accu-
rately weighed and quantitatively transferred to 100.0 mL beakers.
Hydrochloric acid (5 mL; 32 %) was added and the samples were
digested (ca. 110C) in open beakers until the samples were com-
pletely dissolved. The dissolved samples were further heated at
the same temperature to almost dryness and nitric acid was
added (5 mL; 65 %) prior to dryness and the solution re-heated.
The addition of nitric acid to the almost dry samples was
repeated three times before the samples were quantitatively
transferred into 100.0 mL volumetric flasks. Nitric acid (5.0 mL;
65 %) was added to the stock solutions and filled to the mark
using double-distilled water. Different aliquots of the sample
stock solutions were pipetted into volumetric flasks (100.0 mL) to
yield a rhodium concentration of approximately 3.40 ppm.
Cobalt internal standard (2.0 mL; 100.0 ppm) and nitric acid
(5.0 mL; 65 %) was added into each analyte solution. The analyte
flasks were filled to the mark using double-distilled water,
homogenized and left to stabilize for five hours before rhodium
content analysis. The samples were quantified for rhodium
content against the rhodium/cobalt calibration curve with a
correlation coefficient (r2) of 1.00, gradient of 0.2319 and an inter-
cept of 0.0136 and the results are reported in Table 5.
6.6. The Effect of Unmatched Matrixes Towards Rhodium
Recovery using the Cobalt Internal Standard
6.6.1. Preparation of RhCI3·3H2O Solutions in Different Acids (HCl,
HBr and HNO3) and the Quantitative Determination of Rhodium
Aliquots of RhCl3·3H2O, as prepared in Section 6.4, were
pipetted into separate volumetric flasks (100.0 mL) to yield a
rhodium concentration of ca. 3.4 ppm. Increasing amounts
(0–0.12 moles) of HCl, HBr and HNO3 as shown in Fig. 4 were
added to each analyte solution. Cobalt internal standard
(2.00 mL; 100.0 ppm) was added and the volumetric flasks were
filled to the mark using distilled water and homogenized before
left to stand for five hours. The samples were quantified for
rhodium content with the rhodium/cobalt calibration standards
prepared in Section 6.4 and the results are given in Fig. 3.
6.6.2. Preparation of the RhCl3·3H2O Solutions and the Presence of
Different Halide Salts
Different aliquots of the prepared 10.0 M stock solutions of
NaCl, KCl and RbCl were pipetted in increasing order to yield
0.01, 0.10, 0.20, 0.50 and 1.00 moles of the salt solution.
RhCl3·3H2O prepared in Section 6.4 was spiked in each volumetric
flask to yield a rhodium concentration of ca. 3.4 ppm. Cobalt
internal standard (2.0 mL; 100.0 ppm) and nitric acid (5.0 mL,
65 %) was added to each flask and filled with double-distilled
water. The solutions were homogenized and left for five hours to
stabilize before rhodium content analysis using the (i) direct cali-
bration curve and (ii) a cobalt internal standard. The samples
were quantified for rhodium content with the rhodium calibra-
tion standards prepared in Section 6.4 and the results are given
in Fig. 4.
7. Results and Discussion
7.1. Wavelength Selection and the Determination of
Detection and Quantification Limits of Rhodium
Qualitative analysis of the CRM was carried out to determine
the composition of the elements present in the CRM in order to
select the most appropriate wavelength with a minimum inter-
ference for rhodium analysis. From the qualitative analysis,
nineteen different elements were found to be present and these
elements included the EIEs; Na, Li,Mg, Ca, Rb, Ba and Cs, transi-
tion metals; Al ,Ti, V, Ga, Sr,Ti and Pb and the so-called base
metals; Cr, Fe, Ni, Cu and Zn. These three groups cause spectral
interference by either enhancing or suppressing the analyte
signal during the quantitative determination of PGM.36,47–49 A
quantitative analysis was carried out to determine the concen-
trations of the EIEs, transition and base metals in the CRM to
establish an appropriate method, conditions and a suitable inter-
nal standard element for the rhodium analysis. The concentra-
tion of EIEs was less than 2 ppm while concentrations of
between 5–1000 ppm were obtained for the transition and base
metals. The results from the ICP-OES ‘profile’ function (Fig. 1)
identified the wavelength at 343.489 nm as the most appropriate
line for the accurate quantitative analysis of rhodium in the
presence of all the transition and base metals, while the low
concentration of the EIE’s promised very little spectral influence
in rhodium quantification.
The experimentally determined LOD/LOQ for both the direct
calibration and the cobalt internal standard methods of
0.00408/0.0408 ppm and 0.01005/0.1005 respectively, points to the
opportunity of accurate determination of rhodium at very low
concentrations using ICP-OES as an analytical tool. This is indi-
cated by the small differences in the LOD and LOQ (0.00597 and
0.0597 respectively) of these methods.
7.2. Microwave Dissolution of the CRM Samples and the
Quantitative Determination of Rhodium using Direct
Calibration
Initial analytical results, as well as previous studies50 indicated
that rhodium analysis is extremely sensitive to matrix matching
or the absence of it. In that respect care was taken from the start
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of this study to ensure proper matrix matching by firstly remov-
ing excess HCl (which turned out to be the preferred acid for
CRM dissolution as discussed in the next paragraph) and secondly
by the addition of identical volumes of HNO3 to the analyte
samples and the standard solutions. The first few additions of
nitric acid (see Paragraph 6.2.2) to the reaction mixture contain-
ing the CRM samples ensured the removal of the chloride ions
via the formation of the volatile nitrosyl chloride and chlorine
gas products according to Equation 1.
HNO3(aq) + 3HCl (aq) Ã NOCl(g) + Cl2(g) + 2H2O (l) (1)
The formation of the nitrosyl chloride and chlorine was
observed by the fuming nature of the reaction and the character-
istic yellow colour of chlorine gas, which was formed during the
reaction.
Interesting results were obtained for the microwave-assisted
dissolution of the grey-brown CRM in the presence of different
acids (see Table 3). These quantitative results (external calibra-
tion) clearly indicated a higher rhodium recovery with HCl
(89 %) as dissolution medium compared to aqua regia (80 %),
which has widely been used as the preferred dissolution
medium of PGM. Even lower recoveries for HNO3 (44 %) and
H2SO4 (33 %) were recorded. The lower than expected recovery
of the rhodium was initially attributed to the incomplete diges-
tion of the samples using this digestion technique or its prevail-
ing reaction conditions as was evidenced by the precipitate
(white – HCl; whitesh-brown – aqua regia; yellowish-brown –
HNO3; greyish-brown – H2SO4) that remained after the
two-hour digestion period (Table 2).The duration of the diges-
tion of the CRM was extended for another hour under the same
robust conditions. No visual improvement in the results (less
remaining precipitate or total disappearance of the precipitate)
or percentage rhodium recovery was obtained with this change
in experimental condition. Infrared spectra of the different
precipitates obtained from the acid dissolution reactions were
compared with that of the original CRM as shown in Fig. 2. The
correlation between the decrease in the stretching frequency at
1078.5 cm–1 from HNO3 to HCl (complete disappearance) with
a steady increase in rhodium recovery from HNO3 to HCl
suggested the complete rhodium dissolution/leaching from the
CRM in the presence of HCl.
The combination of the complete disappearance of the IR peak
at 1078 cm–1 with the relatively high rhodium recovery with HCl
as dissolution medium motivated a change in calibration
method so that a suitable alternative for external calibration was
found.
7.3. Quantitative Determination of Rhodium in the CRM
using Standard Addition Calibration
In an attempt to optimise the percentage rhodium recovery
and to limit any possible interference due to the complicated
sample matrix, standard addition calibration was initially used
to quantify rhodium in the CRM. Results of rhodium recovery
using this calibration method increased the average percentage
recovery to 98.0 ± 0.7 % for five new CRM samples that were
microwave digested in HCl. The quantification of rhodium in
the CRM using this method was better than the direct calibration
method (ca. 96.0 % compared to 88.0 %), but still not within the
acceptable analysis recovery range due to the possibilities of
matrix interference. The major drawback of this method was
that it required a larger volume of both the standard and analyte
solutions, which had to be prepared for every successive analysis.
The internal standard addition as calibration method was subse-
quently used in an attempt to eliminate either the solubility
problem or the analytical method uncertainty as source for
incomplete recovery.
7.4. Internal Standard Selection and Rhodium Quantification
in the CRM using Yttrium and Cobalt as Internal Standards
The selection of the appropriate internal standard was very
important in the accurate determination of rhodium. The element
of choice is critical because the recovery of the element is highly
dependent on the choice of the internal standard. According to
the literature,51–53 yttrium is the most preferred and widely used
internal standard for the determination of PGM. Several ISO
approved methods use yttrium as internal standard for PGM
quantification.54–56 Elements like tin, indium, copper, nickel,
silver, thallium, molybdenum and lead have been used as inter-
nal standards in different spectrometric techniques such as
ICP-MS as discussed by Salin et al.57
Cobalt and rhodium are in the same group (9 or VIIIb) on the
periodic table and have similar 1st, 2nd and 3rd ionization
energies (Table 4), but are significantly different from those of
yttrium. The similarity of ionization energies between cobalt
and rhodium led us to believe that cobalt can be used as a possi-
ble internal standard for rhodium analysis. The ionic lines for
yttrium and cobalt at 371.030 and 228.616 nm respectively, were
chosen as the lines for analysis.58
Recoveries in excess of 100 % were obtained for all five CRM
samples with an average of 140(1) % using yttrium as internal
standard. The positive error in rhodium recovery with the use of
yttrium as internal standard points to interference at the
selected wavelength for rhodium analysis.36,20 Excellent rhodium
recoveries of ±100(1) % were obtained using cobalt as internal
standard (see Table 5). The successful recovery of the rhodium in
the CRM samples also confirms the successful dissolution/leach-
ing of rhodium from the CRM using HCl as dissolution medium.
The success of the cobalt as internal standard is attributed to its
ability to behave in a similar manner as the rhodium analyte
within the ICP flame. The use of cobalt as internal standard was
therefore chosen as the preferred method for rhodium analysis
in the rest of this study on the basis of excellent recovery and its
ability to accurately compensate for the matrix-induced signal
variations as well as being specific. This method of rhodium
quantification was subsequently evaluated on rhodium metal
powder of high purity (RM).
7.5. Quantitative Determination of Rhodium from Powdered
Rhodium (99.9 %)
Rhodium metal (99.9 % purity) was firstly analyzed using the
direct or external calibration method due to the simplicity of the
sample matrix and secondly using cobalt as internal standard.
The quantitative results obtained from the experimental analysis
using cobalt as internal standard (Table 5) revealed excellent
rhodium recovery of 100(1) % compared to an average of
65.8(0.8) %, which was obtained from the direct calibration
method. The direct calibration method clearly indicated, as was
the case for the CRM, that this method was not suitable for the
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Table 4 Comparison of the 1st, 2nd and 3rd ionization and excitation
energies of rhodium, yttrium and cobalt.
Elements Ionization energy/kJ mol–1 Excitation energy/eV
1st 2nd 3rd
Rhodium 719.68 1744.47 2996.86 449
Yttrium 599.86 1180.99 1979.86 379
Cobalt 760.41 1648.27 3232.28 297
accurate determination of rhodium. A qualitative study indi-
cated the presence of K, Na, Mg, Ca, Fe, Pd, Ag and Pt at micro
and ultra-micro level. The excellent rhodium recovery also
confirmed the quantitatively dissolution of the rhodium metal
with acid-assisted microwave digestion in the presence of HCl.
7.6. Quantitative Determination (Method Validation) of
Rhodium in Different Inorganic and Organometallic
Samples using Cobalt as Internal Standard
The use of cobalt as internal standard was validated using
other samples which contained rhodium at different percentage
levels. These samples included the water soluble inorganic
RhCl3·3H2O salt (amount of water molecules verified with TG
and DSC) and a number of rhodium containing organometallic
complexes such as [Rh(acac)(CO)2] and [Rh(cupf)(PPh3)
(CO)(CH3)(I)]. Organometallic complexes were selected on the
basis of experience and ease of preparation, but more impor-
tantly on the purity of the products. In many cases the products
had been characterized by means of X-ray crystal structure
determinations, which confirmed the chemical formula and
therefore the rhodium content.
Excellent rhodium recoveries in excess of 99 % (see Table 5)
were obtained for all the samples that were selected or synthe-
sized. Thus, the use of cobalt as internal standard for the success-
ful recovery of rhodium in a variety of chemical compounds on
condition that matrix matching is ensured, was validated.
7.7. The Effect of Unmatched Matrixes Towards Rhodium
Recovery using the Cobalt Internal Standard
The effect of the group (I) EIE’s on rhodium recovery in
RhCl3·3H2O using external calibration and cobalt internal stan-
dard calibration (robustness of the method) was investigated.
Elements were added as the respective chloride salts into the
final analyte mixture. Amounts were increased in a stepwise
fashion and were identical for each solution in order to isolate
the cation effect on rhodium recovery. In the event that Cl– ions
interfered with the analysis, the effect should have been the
same in all the analyte solutions at the different concentration
levels. The effect of EIE’s on rhodium recovery is shown in
Figs. 3 and 4. An initial rhodium recovery of lower than 100 %
with external calibration is seen in Fig. 3. Initially, the addition of
halide salts (an increase in metal chlorides) was accompanied by
a similar decrease in rhodium recovery. This suggested that the
influence of the chloride ion addition overshadowed the possi-
ble influence of metal ions on the rhodium recovery. A drastic
change in rhodium recovery took place from about 0.1 moles
indicating an increased influence of the metal ion. The most
profound effect was caused by RbCl with a constant decrease in
rhodium recovery while the effect of NaCl was the smallest. A
totally different effect was observed when cobalt was used as
internal standard (Fig. 4). In this case all the rhodium recoveries
started at 100 % and then increased to about 107 % at 0.2 moles
for all the EIE. This also suggested that the influence of chloride
ions override the metal ion influence. The influence of the EIEs
changed after this point with either an increase in rhodium re-
covery with NaCl addition or a decrease with RbCl addition.
Thus, there was an increase in metal ion influence on rhodium
recovery at higher EIE concentrations. The same effect of so-
dium ions on the quantitative determination of PGM was ob-
served by De Klerk et al.59
The isolation of the anion influence from the acid effect is
shown in Fig. 5. The initial rhodium recovery started at 100 %
with prevailing matrix matching conditions. The addition of
extra acid decreased initial rhodium recovery for all three acids
suggesting a common acid effect (acid amount the same for all
three acids). On further acid addition, however, the graphs
changed substantially for the different acids, suggesting that the
anion over-rode the rhodium recovery. The largest effect was
observed with the addition of HBr.
These results show that both anions and cations (EIE) have a
pronounced effect on rhodium recovery using the new analytical
method. Thus, the accurate recovery of rhodium depends
heavily on the proper matrix matching.
8. Validation Parameters
Total recovery was obtained for all the samples (z-test for CRM
and t-test for all the other samples at a 95 % confidence interval)
with relative standard deviations (RSD) between 0.26 and 1.87
for all the samples.60 The regression coefficient of all the calibra-
tion ranged from 0.9997 to 1.00, standard deviation of the slope
(sa) ranged from 0.00029 to 0.00936, and the intercept (sb) and was
between 0.00102 and 0.03338. Intercepts of between 0.0136 and
0.0261 (blank solution) for all the samples confirmed the selec-
tive analysis of rhodium at 343.489 nm. The sensitivity of the
rhodium recovery with a slight change in the total acid concen-
tration in the samples rendered the method not robust. The
rhodium limit of detection (LOD) and limit of quantification
(LOQ) were determined to be 0.01005 ± 0.00002 and 0.1005 ±
0.0002 ppm respectively, which is feasible for measuring trace
amounts of rhodium.
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Table 5 A summary of the rhodium recovery in CRM, rhodium metal and organometallic complexes for five replicates
using different calibration methods at 343.489 nm.
Sample Internal Standard Average Rh recovery (%) RSD (%)
CRM External calibration 89.2 0.3
CRM Standard Addition 98.0 0.7
CRM Y 140 1
CRM Co 100 1
Rhodium powder External calibration 65.8 0.8
Rhodium powder Co 100 1
RhCl3·3H2O Co 99.8 0.3
[Rh(acac)(CO)2] Co 100 1
[Rh(acac)(DPP)(CO)] Co 99.7 0.5
[Rh(acac)(DPP)(CO)(CH3)(I)] Co 100 1
[Rh(cupf)(CO)2] Co 100 2
[Rh(cupf)(PPh3)(CO)] Co 99.7 0.4
[Rh(cupf)(PPh3)(CO)(CH3)(I)] Co 100.1 0.4
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Figure 4 Percentage of rhodium recovered from RhCl3 3H2O in different chloride salts using cobalt internal standard.
Figure 3 Percentage rhodium recovery from RhCl3·3H2O in different chloride salt solutions using direct calibration.
9. Conclusion
A matrix matching protocol accompanied by the cobalt inter-
nal standard circumvented the matrix problem by compensat-
ing for the dominant matrix components caused by EIEs, transi-
tional metals, base metals, background emission and other
fluctuations occurring during the sample introduction and
measurement. Excellent results in rhodium recovery were
obtained using cobalt internal standard as its emission intensity
showed no interference at the second most intense line,
228.616 nm. As yttrium is commonly considered as a useful
internal standard for all the PGM determination,53 its signal
instability in the presence of other metals as detected in the CRM
rendered it less suitable for rhodium determination as demon-
strated by the high rhodium recoveries. The results of the cobalt
internal standard showed to be in total agreement with the certi-
fied values of the CRM. The subsequent determinations of
rhodium from different samples such as the rhodium metal,
RhCl3·3H2O and organometallic complexes were acceptable at
95 % confidence intervals. The method was found to be less
effective in an unmatched matrix and the results obtained were
in agreement with those obtained by Garden et al.61 who
reported that ICP-OES signals can be suppressed by up to 40 %
if the acid matrices are not matched. The acid matrix match
between the standards and the analyte samples were therefore
vital for the correct and accurate recovery of rhodium in differ-
ent types of samples.
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